Abstract -This paper presents a thorough literature review of the powder-based electron beam additive manufacturing (EBAM) technology. EBAM, a relatively new additive manufacturing (AM) process, can produce full-density metallic parts directly from the electronic data of the designed part geometry. EBAM has gained broad attentions from different industries such as aerospace and biomedical, with great potential in a variety of applications. The paper first introduces the general aspects of EBAM. The unique characteristics, advantages and challenges of EBAM are then presented. Moreover, the hub of this paper includes extensive discussions of microstructures, mechanical properties, geometric attributes, which impact the application ranges of EBAM parts, with focus on commonly used titanium alloys (in particular, Ti-6Al-4V). In the end, modeling efforts and process metrology of the EBAM process are discussed as well.
Introduction
Additive manufacturing (AM), also known by various terms, e.g., direct digital manufacturing, based on ''layer-bylayer'' fabrications is an emerging technology, by which physical solid parts are made directly from electronic data, generally files from computer-aided design (CAD) software. This group of technologies offers many design and manufacturing advantages such as short lead time, complex geometry capability, and tooling free. Electron beam additive manufacturing (EBAM) is a relatively new AM technology [1] . Similar to electron-beam welding, EBAM utilizes a high-energy electron beam, as a moving heat source, to melt and fuse, by rapid self-cooling, metal powder and produce parts in a layer-building fashion. Moreover, EBAM is one of a few AM technologies capable of making full-density functional metallic parts, drastically extending AM applications. In particular, the ability of direct fabrications of metallic parts can significantly accelerate product designs and developments in a wide variety of metallic-part applications, especially for complex components, e.g., fine network structures, internal cavities and channels, which are difficult to make by conventional manufacturing means [1, 2] .
EBAM machines were first commercialized, around 1997, by Arcam AB Corporation in Sweden. Because EBAM has many unique characteristics such as high energy efficiency, high scan speed, and moderate operation cost, the technology has attracted, in recent years, increased interests from different industries. The use of an electron beam offers extensive features such as higher build rates due to increased penetration depths and rapid scanning speeds. Since then, many research groups have been studying the EBAM technology from different aspects and for various applications. Despite the potential benefits over conventional manufacturing technologies, EBAM still has a few process deficiencies, such as process stability, part defects and quality variations [3] , etc. As EBAM technology is relatively new, there have not been detailed reviews. The objective of this paper is to offer a survey of various investigations into EBAM, especially for the study of the titanium (Ti) alloy parts, along with the EBAM part microstructures and associated mechanical properties. In addition, modeling and simulation of the EBAM process, though rare, for process understanding and advancements are also discussed.
EBAM details Process principle
A conceptual schematic of an EBAM machine is shown in Figure 1 [2] . The principle is very similar to that of a scanning electron microscope. A heated tungsten filament, in the upper column, emits electrons which are collimated and accelerated to a kinetic energy of about 60 keV. The electron beam is controlled by two magnetic coils, which are housed in the lower column. The first one is a magnetic lens which focuses the beam to the desired diameter, and the second one deflects the focused beam to the desired point on a build platform. The electron-beam gun itself is fixed, no moving mechanical parts involved in beam deflections. The beam current is controlled in the range 1-50 mA and the beam diameter can be focused down to about 0.1 mm. In the chamber of the middle part of the machine, fine metal powder, on the order of 10-100 lm, is supplied from two hoppers and forms a thin layer by a raking mechanism before each layer build. The typical layer thickness is in the range 0.05-0.2 mm. The computer-controlled electron beam scans over the powder layer in a predefined pattern and consolidates the desired areas into solid and dense metals. The beam has to first scan at a high speed (order of 10 m/s) in multiple passes to preheat powder to a sintered state, while a beam scan on the order of~0.5 m/s is used during the melting cycle. Then, a new powder layer is laid on top and the scanning process is repeated until all layers are completed.
The entire process takes place under a high vacuum. The typical pressure of residual gases in an EBAM machine is 10 À1 Pa in the vacuum chamber and 10 À3 Pa in the electron gun [2] . During the melting process, a low pressure of inert helium gas (10 À1 Pa) is added to the vacuum chamber to avoid build-up of electrical charges in powder. When all layers have been completed, the built part is allowed to cool inside the process chamber, which is then filled up with helium as to assist cooling. Because of radiation from electrons, the process observation is not as accessible as other AM technologies, only through a leaded-glass viewport. Therefore, what exactly happens inside the build chamfer is not as well perceived as other AM processes. Recently, Oak Ridge National Laboratory published a video animation of the EBAM process [4] that offers good illustrations of the process details, especially to those without access to an EBAM machine.
Applications and challenges
Due to EBAM's unique capability, it is especially beneficial to such industries as the aerospace sector, creating new opportunities for both prototyping and low volume productions. The time, cost, and challenges of machining or other processes are eliminated, which makes the components readily available for functional testing or installation on a system, e.g., aircraft [5] . Additionally, the additive process opens a door to new design configurations (e.g., cellular structures) and weight-reduction alternatives.
The energy density of the electron beam is high enough to melt a wide variety of metals and alloys. EBAM processes have the potential to work with many material classes, for example, aluminum alloys [6] , stool steel (H13) [7] , and cobalt-based superalloys [8] , etc. However, Ti alloys, in particular, Ti-6Al-4V, were the first material extensively researched, also widely used in EBAM technologies. Ti alloys have numerous potential applications as a consequence of their superior properties: low density, high mechanical strengths, corrosion resistance, human allergic response, and good biocompatibility [9] [10] [11] . The industrial processing routes for titanium alloys include ingot casting, powder processing, ingot forging, and sheet production by hot-rolling. Using traditional processes makes it difficult to manufacture highly complex and functional Ti-alloy parts, such as artificial knee joints, hip joints, and bone plates, etc. EBAM has been used for fabrications of specific netshaped parts for use within both aerospace and medical implant industries. The fabrication of implants from patient specific data with adaptation to the region of implantation is made possible with EBAM (e.g., temporomandibular joint prosthesis in Figure 2a ), eliminating expensive secondary processing such as machining or forming and related lead times. Moreover, with geometric freedom, EBAM has enabled one step fabrications of intricate architecture (meshed, porous, cellular), e.g., porous custom implants with controlled porosity to meet the requirements of the anatomy and functions at the region of implantation. In addition, EBAM has been used to assist the Environmental Control and Life Support System (ECLSS) group of NASA for a new design of hardware, Figure 2b , to pack zeolite materials for improving CO 2 removal from the International Space Station environment [12] . Using EBAM, the total production time is 1 week including machining the matted surfaces in contrast to 13 weeks when using traditional processes. In addition, the ability to produce a negative Poisson's ratio structure, the so-called ''auxetic behavior'' is another unique capability of EBAM. A negative Poisson' ratio leads to higher impact and shear resistances, and fracture toughness. Schwerdtfeger et al. [13] found negative Poisson's ratios in the range of À0.2 to À0.4 depending on the orientation.
Since Ti-6Al-4V is the most widely used material in EBAM, the major effort of this review is focused on this group of materials, its usages, applications and EBAM part characteristics.
Powder characteristics Raw powder
Raw materials used in EBAM are metallic particles from powder metallurgy, and the characteristics and quality of powder strongly affect the process performance. The powder morphology is one important factor in EBAM affecting processing conditions such as flowability, powder packing, and ultimately, heat transfer process phenomena [14] . NeiraArce observed that the powder used in EBAM is spherical in shape. The spherical shape may contribute to improved flowability, and thus, may ensure high build rates and part accuracy [14] .
In general, fine powder is used in EBAM. Figure 3 shows scanning electron microscopic (SEM) images of Ti-6Al-4V powder: (a) low magnification showing a population of particle sizes and (b) high magnification of an individual powder. The powder size distribution also has a significant effect on the build part density, surface finish and mechanical properties [14] . Syam et al. [15] studied the size distribution of Ti-6Al-4V powder in EBAM and reported the size range as from 45 to 100 lm. Murr et al. [9] also investigated the distribution of Ti-6Al-4V powder diameters. The spherical powder diameters were measured and plotted in a histogram, shown in Figure 4 . It is noted that the powder size distribution is bimodal. The average overall powder diameter in Figure 4 is 30 lm. The average sizes of large particles and small attached particles are around 60 lm and 10 lm, respectively. For the chemical composition, according to a study by Murr et al. [9] , Ti-6Al-4V powder used in EBAM has a nominal composition of 6.04% Al, 4.05% V, 0.013% C, 0.07% Fe, 0.13% O, <0.005% N and H; the balance is Ti (in weight percent), comparable to the common Ti-6Al-4V specification.
Sintered powder
The thermal cycle in EBAM, which includes the preheating, subsequent melting and solidification, is critical to determine the microstructure and mechanical properties of the EBAM parts. Different from the laser additive manufacturing process, the EBAM process applies the preheating to lightly sinter the precursor powder layer by using electron beam at a low power and a high scanning speed. According to the study by Cormier et al. [7] and Rodriguez et al. [16] , the preheating process serves two purposes: holding the metal powder in place during the subsequent melting scan and reducing the thermal gradient in the build part.
He et al. [17] studied preheating of Ti-6Al-4V powder in EBAM. According to the authors, the sintering mechanism is that small particles partially or completely melt and they play an important role as a binder to bond the majority of large particles together, which will not only hold the particles and withstanding the impact from electrons, but also prevent the spheroidization effect in the part surface. Gong and Chou [18] also investigated the morphology of the sintered powder in EBAM. The phenomenon of necking could be noted on both the build and side surfaces. Figure 5 illustrates the SEM images of the aggregated powder on the scanning surface. The diameter of the necks is on the order of 1-10 lm.
The preheating process contributes to the metallurgical bonds or even partial melting of the powder.
Microstructures
Typically, Ti-6Al-4V samples from EBAM show an ordered lamellar microstructure, consisting of extremely fine grains, as can be expected by the thermal characteristics of the EBAM process: small melt pool and rapid cooling. EBAM components possess a columnar shaped morphology of the prior b phase with a growing direction parallel to the build direction [19] , which is a consequence of primary thermal gradients that exist in the build direction. Antonysamy et al. [20] studied the prior b-grain texture of EBAM components. It is shown that the columnar structure shows strong fiber texture of < 001 > b, which is normal to the deposited powder layers. The favored texture could be attributed to the highly elongated shape of the moving melt pool and the raster pattern used in the EBAM process. The phases of EBAM Ti-6Al-4V samples include some a phase at the b grain boundaries, which is finer than that obtained by metal casting [21] . Facchini et al. [22] investigated microstructures by X-ray diffratometry (XRD) and reported that the main constituent is a HCP phase with only a small contribution of b phase in EBAM Ti-6Al-4V. The HCP pattern can be attributed to both a phase and the a 0 -martensite, which is spatially smaller than the a-phase platelets. Safdar et al. [19] also reported that a typical (a + b) structure, namely Widmanstätten a platelets with rod-like b phase, formed at the interfaces of the fine a grains, have been observed in the columnar prior b grains. Grain boundary a phase was found to be formed around the boundaries of the columnar prior b grains. Koike et al. [23] compared the EBAM microstructures to counterparts from cast and wrought Ti specimens. For the cast specimen, a typical a-case microstructure consisting of columnar a-crystals can be clearly observed. The microstructure of the wrought Ti-6Al-4V specimen consisted of slightly elongated a grains and intergranular b grains which is a typical microstructure from heat treatment conditions. On the other hand, no a-case was observed near the surface of the EBAM specimens. However, Murr et al. [9] observed that the EBAM Ti-6Al-4V prototypes exhibit the a-phase, acicular platelet microstructures similar to commercial wrought products, while the mesh and foam prototypes exhibit mainly a 0 -martensitic platelets or mixtures of a and a 0 platelets, giving rise to harder structures and consequently greater strengths. Figure 6 compares the microstructures of Ti-6Al-4V specimens from (a) EBAM and (b) casting [9] . The authors of this paper have attempted to study the microstructure of Ti-6Al-4V parts processed by EBAM. The microstructure of Ti-6Al-4V consists of columnar grains of prior b growing along the build direction, as can be seen from Figure 7a . The width of the columnar structure is about 25-30 lm. After the solid phase transformation in EBAM, the prior b grain structure transforms to a bulk microstructure of fine Widmanstätten (a + b) structure and martensite a 0 owing to the rapid cooling process. Figure 7b illustrates the microstructure of the scanning surface of an EBAM Ti-6Al-4V sample, with ''equiaxed'' grains shown. It demonstrates that the prior columnar structure is generally rod-shaped. There are also studies reporting different microstructures (grain size and morphology) obtained from the EBAM, attributed to noticeably different cooling rates [24, 25] and re-melting [26] . As to the chemistry specification, Heinl et al. [27] tested the element composition of the EBAM parts. The authors claimed that the composition of the EBAM parts conforms to the standard specifications for Ti-6Al-4V alloy castings for surgical implants. However, Gayten et al. reported that the chemistry of EBAM made Ti-6Al-4V parts may have 10 to 15% reduction in Al content [28] possibly due to a higher vapor pressure of Al. The gas voids or porosities are a typical defect in EBAM parts, which is exemplified in Figure 8 below. Gaytan et al. [28] investigated porosity defects and control during EBAM and attempted using hot-isostatic-pressing (HIP) to eliminate gas voids in built samples. The result showed that while the voids can be largely eliminated by a single standard HIP cycle, remnants sometimes persist. In addition, some gas bubbles actually came from recycled powder and stay in EBAM-built parts. Because of the melt and liquid phase surface tension as well as the low gas pressure, it is essentially impossible to eliminate the intrinsic gas bubbles in EBAM parts. Reported by Gaytan et al., however, because of the small void size (order of 10 lm), they may not impact the mechanical properties of EBAM-built parts.
In addition, electron beam-material interactions reduce the EBAM process stability. The melt pool instability is affected possibly by an inadequate energy density transmitted from the electron beam into the powder, and it may result in the balling effect, when the surface tension of molten liquid exceeds the wetting ability of the previously solidified layer [29] . The melt balls further prevent the process from continuation due to rough textures of the top layer. Moreover, as EBAM relies on selective solidification of the top powder layer, energy is inserted into the material in a non-uniform way. Large temperature gradients may emerge due to selective heating of powder areas and thus, residual stresses may be induced. If the residual stresses exceed the bonding abilities between layers, it results in delamination, which depends on the scanning strategy [30] . Specifically, the orientation of the scan vectors has a considerable influence to delamination [3] .
It has been reported that operating parameters have significant effects on the part characteristics [24, 25] , quality consistency and process performance. Murr et al. reported that variations in melt scan, beam current, and scan speed affect the EBAM built defects such as porosity [24] , and may cause significant property-performance variations [31] . In general, the beam power, diameter, and speed, as well as the pre-heat temperature are four major process parameters; the first three are tied to the thermal cycle variables, temperatures and cooling rates, and the pre-heat temperature governs the sintering state of powder prior to the melting scans. Puebla et al. [32] studied the effect of the scan speed on microstructure and macrostructure of EBAM Ti-6Al-4V. When the scan speed is increased from 100 to 1000 mmAEs À1 , the cooling rate and solidification speed both increase, which results in a decreasing a-phase acicular grain width as well as an increasing proportion of martensite plate production. Correspondingly, increasing the scan speed increases the porosity by creating unsintered powder volumes within the layers. In addition, Hrabe and Quinn [33] investigated the effect of energy input on the microstructure of the built parts. It was found that the melt pool size, a lath thickness and prior-b grain size increased with the increase of energy input.
Rapid self-cooling, which results in the EBAM layer building/bonding mechanism, has been noted to be different upon comparing different melt-scan parameters. Gaytan et al. reported that in Ti-6Al-4V, the differences in melt-scan parameters create microstructural variations characterized by sizes or dimensions as well as phase differences and dislocation density variations [28] . Bontha et al. [25] investigated the effects of process parameters on solidification microstructures in beam-based fabrications. It shows that variations in the beam power and speed can alter both solidification cooling rates and thermal gradients by several orders of magnitude, which have a significant effect on resulting microstructures. Results specifically for Ti-6Al-4V suggest that process size-scale can have a significant effect on microstructures, including a transition from columnar to equiaxed microstructure at higher powers.
Mechanical properties
EBAM part properties have been frequently investigated. Some studies indicated that properties of EBAM parts are comparable to those from conventional processes (wrought) [9, 34] .
However, other research indicated improved hardness of EBAM parts [35] . Changes in local chemistry and different microstructures have been suggested as possible causes.
Tensile testing
Tensile testing has been widely used to characterize the mechanical properties of EBAM parts. Some researchers [22] found that the ultimate tensile strength (UTS) of EBAM built specimens is higher than the wrought or annealed ones, with a lower ductility. However, others [23] presented that the UTS and ductility of the cast and wrought Ti-6Al-4V specimens were higher than those of EBAM counterparts. The reason for the difference could be attributed to the variation in the built parameters, which result in different structures such as composition, structures, pore size, and porosity distribution, etc. Hrabe and Quinn [33] also studied the effect of energy input on the mechanical properties of the EBAM built parts. The results show that UTS, yield strength (YS) decreased with the increase of energy input. However, the change in UTS (2% change) and YS (3% change) was small. Ladani and Roy [36] investigated the anisotropic effect on the mechanical behavior of Ti-6Al-4V manufactured by EBAM. Tensile testing indicated that YS and UTS for flat-build samples have distinguishably higher values than those of the side-build and top-build samples.
Koike et al. [23] investigated and reported that the YS and UTS of the EBAM specimens were 735 and 775 MPa, respectively. The ductility was 2.3% elongation. These values were comparable to those of cast specimens, which exhibited slightly higher UTS and ductility. These differences were considered to be due to rippled, rough specimen surfaces and possibly higher oxygen content in the EBAM specimens (0.34 vs. 0.22%), originated from the alloy powder. Other researchers showed better ductility (elongation) in EBAM parts. Murr et al. [9] studied that the elongation of the EBAM samples shown is about 16-25% compared to the elongation of 12-14% for wrought alloys. Table 1 below summarizes the mechanical properties of EBAM vs. wrought Ti-6Al-4V specimens.
Compressive strength
Compressive testing has also been used to evaluate EBAM parts, mainly for meshed, porous, or cellular structures in biomedical applications. Li et al. [37] utilized EBAM to fabricate porous Ti-6Al-4V parts with fully interconnected, controlled internal pore architecture. The compressive test showed that a linear elastic deformation stage, followed by a long plateau stage with a nearly constant flow stress to large strains, in which cells collapse due to buckling and plasticyielding, and the final stage with the stress reaching the maximum value. The authors reported that 66% porosity Ti-6Al-4V parts has a compressive strength approximately 116 MPa and the Young's modulus of 2.5 GPa, close to the human cancellous bone. Parthasarathy et al. [11] reported the stiffness and elastic modulus for the open cellular Ti-6Al-4V foams varied with density consistent with the Gibson-Ashby foam model [38] . Moreover, the stiffness varies inversely with porosity or pore density consistent with literature values for a number of metal and alloy systems, especially aluminum. The authors also reported that both compressive stiffness and strength decrease with an increase in the porosity. Heinl et al. [39] investigated cellular Ti-6Al-4V structures with a controllable interconnected porosity by EBAM. The mechanical properties of the structures were examined under compression load and compared with the properties of human bone. It is found that cellular solids have an important influence to their stiffness and strength.
Other testing
Other types of mechanical testing such as hardness tests and flexural tests have also been used in studying mechanical properties of Ti alloys processed by EBAM. Koike et al. [23] investigated EBAM Ti-6Al-4V specimens by Vickers microhardness testing. The hardness of EBAM specimens were higher than that of the cast or wrought specimens, which is probably attributed to finer a/b lamellar microstructures according to Hall-Petch relation [40, 41] . Karlsson et al. [42] conducted the nanoindentation test of EBAM components with two different Ti-6Al-4V powder sizes (diameters of 45-100 lm and 25-45 lm). The results show that the Young's modules and hardness were not significantly affected by the powder size or the layer thickness within the range of studied process parameters. However, the part surface appearance was noted to be different with the different powder sizes. Additionally, Cansizoglu et al. [29] investigated EBAM Ti-6Al-4V bars using a three-point bending tester. The results of the flexure tests showed that the elastic properties of the structures are relatively consistent between builds.
Geometric attributes
Even with impressive advantages over conventional manufacturing technologies, EBAM still exhibits several process challenges, such as dimensional accuracy and surface finish. Despite an intense interest in attainable accuracy and strengths by EBAM [43] , few studies have emphasized the geometric aspects in EBAM. Cooke and Soons [44] studied the geometric accuracy of metallic test part manufactured by EBAM and other powder-based processes. The model was a circle-diamondsquare test part with an inverted cone that is used to evaluate the performance of five-axis milling machines. The authors reported that overall, the observed errors of EBAM parts are significantly larger than those of typical machined parts by at least an order of magnitude. The errors seem to be repeatable, providing opportunities for compensation strategies. In addition, errors of parts may be due to the process; cyclic thermal effects, including deformations due to residual stresses, are most likely the cause.
In research conducted by Koike et al. [23] , an enlarged view of the gauge section of the EBAMTi-6Al-4V specimen shows a rough exterior appearance compared to as-cast counterparts. The surface of the EBAM specimens are covered by rippled layers. On the other hand, the exterior surfaces of cast specimens are much smoother. Figure 9 below shows the surfaces of EBAM Ti-6Al-4V parts (tensile specimens), exhibiting the scanned pattern (Figure 9b ) and surface morphology from a white-light interferometer (Figure 9c) . The surface has a roughness about 20 lm of R a . On the other hand, it has also been suggested that as-fabricated rippled surfaces of EBAM processed alloys may be beneficial in some biomedical applications where an irregular surface is desired.
Other materials used in EBAM
In addition to widely used Ti alloys, EBAM has also been used with other metal-based materials including intermetallics, tool steels, superalloys and copper, etc.
Titanium aluminide, a TiAl-based intermetallic, has been used for propulsion exhaust system components and other aerospace applications. Murr et al. [45] characterized the microstructures of TiAl powder and solid TiAl components fabricated by EBAM. The EBAM process results in a phase transformation: the powder was a 2 -phase-rich (HCP), while the EBAM components were largely c-TiAl (FCC). The EBAM specimens exhibited an equiaxed c-TiAl grain structure with a [23] lamellar c/a 2 colony structure within the c-grains. A relatively high dislocation density contributed to residual hardness, due in part to rapid cooling, associated with EBAM process. Heat treatment is generally required to adjust the microstructure and increase mechanical properties of EBAM TiAl parts. Sabbadini et al. [46] studied the effects of HIP treatments. It was shown that HIP produces a tempered microstructure, with near c equiaxed morphology, resulted from an almost full recrystallization and little grain growth. Biamino et al. [2] also investigated the mechanical properties of both as-fabricated EBAM TiAl specimens and after HIP. After HIP, YS appears to be fairly temperature independent up to 815°C. H13 steel is a popular and versatile, hot-work steel, providing good balance of toughness, thermal crack resistance, and high temperature strength needed for forming tooling. Cormier et al. [7] studied the microstructure and properties of H13 steel produced by EBAM. The authors reported that EBAM H13 parts exhibit full interlayer bonding with virtually no porosity. The as-fabricated material was martensite having a hardness of 48-50 HRC. After annealing, HRC value was under 20. A small number of isolated shrinkage cracks confined within specific layers could be observed.
Co-based alloys are a group of bone implant materials. Murr et al. [47] investigated the microstructure and mechanical properties of EBAM processed Co-29Cr-6Mo alloy. The EBAM fabricated solid, mesh, and foam Co alloy prototypes all exhibited a directional, columnar Cr 23 C 6 precipitate architecture parallel to the EBAM build direction intermixed with some stacking faults in the FCC matrix. The columnar precipitates were spaced within textured, directional grains. Following HIP-annealing, the columnar precipitates dissolved and were replaced by a higher density of intrinsic stacking faults, resulting in hardness essentially constant, while there was a slight drop in YS, but UTS increased by 20%. Gaytan et al. [48] also investigated the EBAM process on Co-Cr-Mo alloys. The tensile testing of specimens fabricated by EBAM produced average UTS of 1.45 GPa, YS of 0.51 GPa, and an elongation of 3.6%, which are better than wrought or cast Co-Cr-Mo alloys. Sun et al. [49] Ramirez et al. [50] investigated the effects of precipitate (Cu 2 O) on the microstructure and mechanical properties of EBAM Cu parts. These precipitate-dislocation architectures create increased hardness, ranging from a base-plate hardness of HV 57 to an EBAM part hardness of HV 88, referenced to the precursor powder containing Cu 2 O precipitates that has a hardness of HV 72.
Nickel-based superalloys present prominent high-temperature, corrosion and oxidation resistance applications including jet engine components. Murr et al. [51] investigated Ni-based superalloys regarding to the effects of heat treatment on the mechanical properties of EBAM built parts. Tensile properties of EBAM cylinders at 538°C didn't significantly alter microhardness from as-fabricated cylinders tested at room temperature, but YS dropped from 0.33 to 0.30 GPa, and UTS decreased by 23%. The corresponding elongation increased from 44 to 53%. Similarly, the fabricated and HIP-ed cylinders tested at 538°C also illustrated no significant change in microhardness, but both YS and UTS decreased marginally with little increase in ductility comparing to tests at room temperature. By comparison, wrought Ni superalloy tested at 538°C exhibited a YS of 280 MPa and a UTS of 830 MPa. Table 2 below briefly summarizes different materials that have been tested in EBAM, their corresponding applications and properties.
Process simulations
Despite the potential benefits of EBAM technologies and increasing studies/reports of this process, mostly applications, case studies, microstructures/properties, there has been little literature in process modeling/simulations of EBAM. EBAM is a rather complicated process and fundamental understanding of process physics is a key to improve the process performance and part quality consistency. Due to temperature dependent material properties and a moving heat source, an analytical solution of the thermal process model is considerably demanding. Zäh and Lutzman developed a simplified heat transfer model of EBAM to study the scan speed and beam power effects on the weld-pool geometry [3] . Therefore, the mathematical-physical model is being transferred into a simulation software based on the finite-element (FE) method and thus, melt pool instabilities as a function of various input parameters can be predicted. Three different melt pool conditions are compared with each other. The melt pool shapes at the beam power (PB) of 150 W vary significantly with the applied scanning speed, V S . Within the compared results, the parameter combination V S = 50 mm/s and PB = 150 W yields the minimum lengthto-width ratio of approximately 1.3. The authors were able to define a suitable process window, however, acknowledged a more comprehensive model is needed if new materials are to be utilized.
Shen and Chou recently initiated a study to investigate the thermal phenomenon of the EBAM process. A finite element (FE) model incorporating Gaussian heat flux distribution, fusion latent heat, temperature-dependent thermal properties was developed to study the thermal response when subject to a moving source of heat of high intensity [52] . Figure 10 below shows an example of temperature contours in the part during the process. The results are temperature contours of a half part modeled (because of symmetry) around the beam center at the quasi-steady state. High temperatures with large gradients around the maximum temperature area are noted. It is also noted because the powder porosity strongly affects the thermal conductivity, inclusion of powder as the top layer in the model is required for modeling accuracy. Further, since this is a moving heat source condition, the temperature spatial distributions can be translated to temporal responses to evaluate the corresponding cooling rates. The model, once validated, may be applied to systematically study various issues such as the process parameter effects and the raw material effects.
Jamshidinia et al. [53] applied a coupled computational fluid dynamic (CFD)-FE model to study the heat and thermal stress distribution in EBAM with Ti-6Al-4V powder. According to the numerical results, the negative temperature coefficient of surface tension is responsible for the formation of an outward flow in the molten pool on the top surface during the EBAM. Also, the influence of electron beam scanning speed on the thermal stresses developed in the domain is studied. The heat input and the cooling rate are the dominant factors influencing the level of thermal stresses developed during melting and cooling steps, respectively. The minimum electron beam scanning speed of 100 mm/s resulted in the maximum and minimum thermal stresses during melting and cooling steps, respectively.
Körner et al. [54] conducted the mesoscopic simulation of the EBAM process. A 2D lattice Boltzmann model is developed to investigate melting and re-solidification of a randomly packed powder bed under the irradiation of a Gaussian beam during EBAM. Numerical experiments demonstrate that the packing density of the powder bed has the most significant effect on the melt pool characteristics. Moreover, process variable measurements such as temperatures have seldom been reported for EBAM despite the need to validate the simulation model and to monitor the process. Zäh and Lutzman applied thermocouples, attached to the build plate, to evaluate temperature response during EBAM to evaluate the model developed by this research group [3] . However, because of high temperatures and steep gradients, thermocouple techniques are limited in accuracy and resolutions. On the other hand, the authors of this paper have attempted to use a nearinfrared (IR) thermal camera for process temperature measurements in EBAM [55, 56] . A methodology has also been developed to analyze temperature distributions and history around the melting scan area. A preliminary result is shown in Figure 11 below, displaying examples of thermal images at particular frames collected during the EBAM experiment that built a 25.4 mm square block. Figure 11a was taken during the contour melting and the square boundary being heated can be observed. Figure 11b was during the hatch melting; at this particular time frame, the electron beam was moving from the left side toward the right. A localized high temperature zone (over 1600°C) with a rapid temperature diminishing tail, similar to, qualitatively, the simulation result ( Figure 10 ) can be noted. In addition, IR-imaging was applied for flaw detection during EBAM by Schwerdtfeger et al. [57] . The method applied demonstrated a good correspondence between the flaws visible in images recorded of an EBAM build using an IR camera and the flaws recorded by traditional metallographic sectioning of the samples after the process was finished.
Conclusions
EBAM, an enabling technology for design and manufacturing integration, can efficiently assist developments and modifications of products, especially for complex, difficult-tofabricate components. However, the EBAM process physics is complex, and the part characteristics seem to be sensitive to the process parameters, the effects of which may not be well understood. There has been increased literature of EBAM, and this study intends to provide an overview of the EBAM technology, process principles, applications, part microstructures and mechanical properties, and process simulations. The collected and analyzed information from this review can be summarized as below.
1. Though Ti-6Al-4V is the most widely used materials for EBAM, other materials such as intermetallics, tool steels, Co-Cr alloys and Ni-based superalloys, and Cu, etc., have been attempted for various applications popularly in the aerospace and biomedical industries, some with unique geometry such as cellular structures. 2. EBAM parts of different raw alloys have been characterized in microstructures and mechanical properties. In general, EBAM parts have very fine microstructures with some porosity, which can be mostly eliminated by HIP. EBAM parts typically have comparable (to wrought counterparts) or superior mechanical properties: high YS and UTS and higher hardness, but a lower ductility. 3. Dimensional errors of EBAM parts are significantly larger than those of typical machined parts by at least an order of magnitude, and yet, surface finish is poorer than cast parts. 4. A thorough literature survey shows limited published studies of EBAM process simulations. To effectively use the EBAM technology, it is necessary to model the process phenomenon and correlate part characteristics with process parameters and variables.
